N umerous reports indicate that females who participate in athletics experience particular injuries at a disproportionate rate versus males (14, 26, 38) . Such injuries include traumatic anterior cruciate ligament (ACL) ruptures to overuse injuries such as patellofemoral pain syndrome, iliotibial band friction syndrome, and femoral, pubic, tibial, and metatarsal stress fracture (14, 26, 36, 38) . The identification of risk factors for these lower extremity injuries continues to interest researchers, health care professionals, and athletes alike.
Recent studies suggest that structural differences between males and females (18, 24) may lead to altered movement patterns that may, in turn, contribute to this gender bias (12) . In a study of gender differences in runners, female subjects demonstrated greater hip adduction, knee abduction, hip internal rotation, and tibial external rotation during the stance phase of running (12) . The authors felt that these kinematic differences placed greater demands on female lumbo-pelvic musculature, commonly referred to as the core.
Increasingly, scientists are widening their focus to include assessment of joint mechanics proximal and distal to the sites where injuries tend to occur. This is largely due to the closed chain nature of athletic activities. When the distal ends of a segment are relatively fixed, motion at one segment will influence that of all other segments in the chain. The influence of foot mechanics on proximal structures has been studied extensively (35, 39) . However, the influence of proximal stability on lower extremity structure and pathology remains largely unknown. Bouisset (7) initially proposed that stabilization of the pelvis and trunk is necessary for all movements of the extremities. Hodges and Richardson (17) later identified trunk muscle activity before the activity of the lower extremities, which he felt served to stiffen the spine to provide a foundation for functional movements.
Considering the wide variety of movements associated with athletics, athletes must possess sufficient strength in hip and trunk muscles that provide stability in all three planes of motion. Indeed, recent research demonstrates that the contribution of different muscle groups to lumbar spine stability depends on the direction and magnitude of trunk loading (10) . The abdominal muscles control external forces that may cause the spine to extend, laterally flex, or rotate (2) . The abdominals have also been reported to increase the stability of the spine through co-contraction with the lumbar extensors (2). Ireland (19) further suggests that the abdomi-nals also control excessive anterior pelvic tilt, which is believed to be coupled with femoral internal rotation and adduction. Due to its architectural features and location, the quadratus lumborum is also reported to be a major stabilizer of the lumbar spine (11, 30) . In addition to production of lateral trunk flexion, this important muscle has been shown to be active for most tasks that require lumbar flexion and extension moment development.
Hip abductors and external rotators also play an important role lower extremity alignment. They assist in the maintenance of a level pelvis and in the prevention of movement into hip adduction and internal rotation during single limb support (40) . Further, recent biomechanical studies indicate that hip muscle activation significantly affects the ability of the quadriceps and hamstrings to generate force or resist forces experienced by the entire leg during jumping (6) . These findings in addition to years of empirical evidence have led some authors to suggest that the knee may be a "victim of core instability" with respect to lower extremity stability and alignment during athletic movements (6, 28) . In particular, in reference to injuries of the anterior cruciate ligament, Ireland (19) describes a "position of no return," which is characterized by hip adduction and internal rotation, leading to knee valgus and tibial external rotation. Interestingly, the same alignment tendency has also been linked to repetitive injuries such as iliotibial band friction syndrome (13) and patellofemoral pain syndrome (20) .
Gender differences in the performance of core stabilizing muscles have been identified. Nadler et al. (33) reported that female athletes who reported an injury to their lower extremity or low back demonstrated a greater difference in side-to-side hip extension strength symmetry than their male counterparts. McGill et al. (30) reported that males demonstrated significantly greater endurance in the side bridge exercise (a measure of quadratus lumborum function) than females. However, he found no difference in trunk flexor muscle endurance and found that females generally demonstrated greater trunk extension endurance. Although gender differences were not the focus of the study, Bohannon (5) identified greater isometric strength in males versus females in hip abduction by 19% after strength was normalized to body weight. Similarly, Cahalan et al. (8) reported a 39% greater hip external rotation torque in males versus females, although this measure was not normalized to body weight.
These noted decreases in proximal strength measures suggest that females may have a less stable foundation upon which to develop or resist force in the lower extremities. This tendency for core instability has been suggested to predispose females to lower extremity injury (15, 20) . However, despite this commonly held belief, there is no prospective evidence supporting this theory. Therefore, the purpose of this study was to prospectively examine the difference in core stability strength measures between males and females. Additionally, we intended to evaluate the relationship between these measures and the incidence of lower extremity injury. Based on previous literature and current thought, we hypothesized that males would demonstrate greater core strength measures versus females when normalized to body weight. Second, we hypothesized that those individuals who remain uninjured over the course of a sport season would demonstrate significantly greater core strength measures than those who reported an injury. Finally, we felt that one or a combination of these strength measures could be used to identify those individuals at risk for lower extremity injury.
METHODS

Subjects.
We estimated that 37% of the subjects would experience a back or lower extremity injury over the course of one season (32) . Therefore, using a medium effect size of 0.60 and estimates of sample variability from previous literature (8, 21, 30) , we estimated that 140 subjects (51 injuries) were required to identify strength differences between groups using ␣ ϭ 0.05 and ␤ ϭ 0.20. Data collection took place over a 2-yr period using athletes from six local universities that employ full-time athletic trainers. Any athlete who presented with complaints of pain in their lower extremities, low back, or abdominal region at the time of testing was excluded from participation, and only 10% of the athletes reported pain in a hip or their low back within the previous year. The first year, 44 male and 60 female varsity intercollegiate basketball athletes were recruited to participate. The second year, 16 male and 20 female varsity intercollegiate cross-country athletes were added to the study. Therefore, a total of 140 athletes, 80 females (mean age ϭ 19.1 Ϯ 1.37 yr, mean weight 65.1 Ϯ 10.0 kg) and 60 males (mean age ϭ 19.0 Ϯ 0.90 yr, mean weight 78.8 Ϯ 13.3 kg), were tested. Each athlete was tested within 2 wk of the beginning of organized practice in their respective sports and was followed for the length of one athletic season. One female athlete was later excluded from the analysis because of extended illness that caused her to miss most of the season. Thus, 139 athletes were followed throughout their competitive seasons.
Procedure. The study protocol was approved by Essex Institutional Review Board, Inc. Each athlete read and signed a written informed consent before testing and completed a detailed injury history questionnaire to identify previous injuries and surgeries. Foot dominance for each athlete was determined by asking which leg they would choose if they were to kick a ball as hard as possible. Body weight was recorded using a standard scale.
To test the strength of the anterior, posterior, and lateral muscles that contribute to core stability, four testing stations were organized around the training room at each university. Athletes were assigned to begin testing at one of the stations and preceded to each of the other stations in a randomized fashion until testing was completed. Testing for each subject took approximately 45 min and was performed by the same two examiners throughout the study. Each tester performed the same tests at every data collection. All tests were based on those previously demonstrated to be reliable in peer reviewed literature for a comparable age group (8,21,23,30).
Hip abduction isometric strength testing was performed with subjects positioned in sidelying on a treatment table (Fig. 1) . A pillow was placed between the subjects' legs, using additional toweling as needed, such that the hip of the leg to be tested was abducted approximately 10°as measured with respect to a line connecting the anterior superior iliac spines. A strap placed just proximal to the iliac crest and secured firmly around the underside of the table was used to stabilize the subjects' trunk. The center of the force pad of a Nicholas hand-held dynamometer (Lafayette Instruments, Lafayette, IN) was then placed directly over a mark located 5 cm proximal to the lateral knee joint line. This dynamometer uses a load cell force detecting system to measure static force ranging from 0 to 199.9 kg with accuracy to 0.1 kg Ϯ 2%. The dynamometer was secured between the leg and a second strap that was wrapped around the leg and the underside of the table. The strap eliminated the effect of tester strength on this measure which has been reported to be a limitation of hand-held dynamometry (4). After zeroing the dynamometer, the subject was instructed to push the leg upward with maximal effort for 5 s. The force value displayed on the dynamometer was recorded and the device was re-zeroed. One practice trial and three experimental trials were performed, with 15 s of rest between trials. The peak value from the three experimental trials was recorded. The athlete was then repositioned on their opposite side to test the hip strength of the contralateral limb using the same procedures.
Hip external rotation (ER) isometric strength testing was performed with subjects positioned on a padded chair with the hips and knees flexed to 90° (Fig. 2) . To limit the contribution of the hip adductors to force production in rotation, a strap was used to stabilize the thigh of the involved leg and a towel roll was placed between the subjects' knees. The dynamometer was then placed such that the center of the force pad was directly over a mark that was 5 cm proximal to the medial malleolus. A strap around the leg and around the base of a stationary object held the dynamometer in place during contractions. Collection of peak hip external rotation isometric strength for each leg then proceeded in the same manner as that for hip abduction strength.
Muscle capacity of the posterior core was measured using the modified Biering-Sorensen test (30) (Fig. 3) . The athlete was positioned in prone with the pelvis at the edge of a treatment table. Straps were used to secure the athletes' pelvis and legs to the table. The athlete supported their torso with their hands on a bench in front of the table until they were instructed to cross their arms and assume a horizontal position. The athlete was required to maintain the body in a horizontal position for as long as possible. The total time that the athlete was able to maintain the horizontal position until they touched down on the bench in front of them with their hands was recorded in seconds using a stopwatch.
Athletes performed the side bridge test as described by McGill et al. (30) as a measure of lateral core muscle capacity, particularly the quadratus lumborum (Fig. 4) . The athletes were positioned in right sidelying with their top foot in front of their bottom foot and their hips in zero degrees of flexion. The athletes were asked to lift their hips off the treatment table, using only their feet and right elbow for support. The left arm was held across their chest with their hand placed on the right shoulder. The total time the athlete was able lift their bottom hip from the table was recorded using a stopwatch. McGill (30) previously documented no significant difference between right and left side bridge endurance times. Therefore, the measure for the right lateral core muscles was used for data analysis.
Anterior core muscle testing was performed using the straight leg lowering test for the first year of testing (23) .
This test was performed with the patient supine on the treatment table with their hips flexed to 90°and their knees fully extended. Patients were asked to steadily lower their legs back to the table over a 10-s period while they maintained contact with the examiner's hand at their L4 -L5 interspace. A large board was placed behind the athlete during this test with marks indicating 10°increments of hip flexion. The angle at which the athlete's low back raised from the examiner's hand was recorded. Lower angles of hip flexion indicate a better performance on the test.
After 1 yr of testing, we questioned the sensitivity of the straight leg lowering test for this population of subjects. There was very little variability in the measurement as nearly 70% of the athletes raised from the examiner's hand between 50°and 60°of hip flexion, making the effect size small and increasing our likelihood of Type II error. Therefore, subjects enrolled in the second year of testing performed the flexor endurance test as described by McGill et al. (30) This test is performed seated on a treatment table with the athlete's back supported on a 60°wedge (measured from horizontal). The athlete's hands were crossed over their chest and their toes were placed under a stabilization strap. The athletes were then asked to maintain the position as the supporting wedge was pulled 10 cm away from the athlete. The time the athlete was able to maintain the 60°a ngle was recorded using a stopwatch. The test ended when the angle of the athlete's upper body fell below the 60°threshold. Based on a larger range of evenly distributed values, we found this test to be a more sensitive indicator of anterior core muscle capacity than the straight leg lowering test. Injuries. The head athletic trainers for each of the teams participating in the study recorded all back and lower extremity injuries that occur during organized practices or games throughout the season. An injury was defined as an event that occurred during athletic participation and required treatment or attention from the athletic trainer, team doctor, or other medical staff. Further, the event must have resulted in at least one full missed day of practice or sport participation. Trainers were given identical forms to record the details of each injury including the date, conditions (practice or game environment), mechanism of injury (contact with another player or object vs no contact), body part involved, and the type of injury that occurred. Finally, the number of whole days lost due to injury was recorded for each injury.
Data analysis. Core stability measurements were compared between genders and between athletes who reported and injury and those who did not using two analysis of variance tests (SPSS 11.5.1, Chicago, IL). A significance level of 0.05 was used for all comparisons. The results of abdominal muscle performance for both tests are presented descriptively but were not included in the statistical analysis due to the previously described change in methods and associated lack of power for comparison. Logistic regression was used to analyze the relationship between injury status and postural muscle strength measurements. The process began with simultaneous entry of the independent con- 
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tinuous variables into the model and was followed by backward, stepwise elimination of those variables with P values greater than 0.20. The continuous variables included in the model included strength measurements of hip abduction, hip external rotation, back extension, and side bridging. The response variable was injury status (1 ϭ injury reported, 0 ϭ no injury reported).
RESULTS
A total of 41 (28 females, 13 males) of the 139 athletes (29%) sustained 48 back or lower extremity injuries during a single competitive season. Thirty-five percent of the females sustained an injury, compared with 22% for the males. Season-ending injuries occurred in one female (ACL tear) and one male (metatarsal stress fracture). For athletes who were able to return to participation, the average amount of time lost due to injury was 6.8 Ϯ 7.2 d. Twenty seven percent of the injuries occurred during a competitive event, and only 17% of the injuries were a result of direct contact to the player. A summary of the injuries by gender for situation, mechanism, and severity is presented in Table 1 . The total number of injuries is larger than the number of injured athletes because six females and one male sustained more than one injury during the season.
Although injury distribution was not a focus of this study, injuries were grouped into three body regions for general comparison ( Table 2 ). The foot and ankle were the most frequently injured body region, accounting for 65% of all injuries. The knee was the primary complaint in 23% of the injuries, whereas injuries to the back, hip, or thigh occurred in 13% of the cases. For athletes who were able to return to competition, injuries to the knee required a 41% longer recovery than injuries to the hip, back, or thigh and 131% longer recovery than injuries to the ankle. There was no apparent difference in the location of injury between genders. Basketball players, however, tended to experience injuries to the foot and ankle more frequently than the track athletes, who sustained a greater percentage of injuries to more proximal structures.
Male athletes generally demonstrated greater core stability measures than female athletes (Table 3) . These differences were consistent whether the athlete participated in basketball or track (Table 4 ). Significant differences were noted between males and females for hip abduction, external rotation, and side bridging measures. Additionally, average abdominal muscle performance was slightly better for males than females for both the straight leg lowering test (average Ϯ SD: males ϭ 49°Ϯ 10°, females ϭ 59°Ϯ 9°) and the flexor endurance test (males ϭ 218 s Ϯ 146, females ϭ 204 s Ϯ 121).
Athletes who experienced an injury over the course of the season generally demonstrated lower core stability measures than those who did not (Table 5 ). These strength differences were statistically significant for hip abduction and hip external rotation. With respect to abdominal testing, athletes who experienced an injury generally demonstrated lower mean abdominal performance during the straight leg lowering test (injured ϭ 59°Ϯ 8°, uninjured ϭ 54°Ϯ 11°) and the flexor endurance test (injured ϭ 199 s Ϯ 91, uninjured ϭ 217 s Ϯ 149).
One female athlete experienced a season-ending injury to her ACL. Although it was not the purpose of this study to specifically analyze ACL injuries, it is interesting to note that this athlete demonstrated preseason deficiencies in each core stability test. Although certain females performed equally poorly on individual tests, this individual was unique in that she was well below the average performance of females who reported an injury as well as to those who did not (Table 6 ).
The core stability measures included in this study generally demonstrated moderate, but significant, correlation (Table 7). Side bridge scores were significantly correlated with the performance of all other postural muscle tests included in this study. Back extension, on the other hand demonstrated a very low correlation with hip abduction and external rotation isometric strength measurements.
Results of the logistic regression analysis indicate that the regression equation fits our data reasonably well (likelihood ratio ϭ 12.72, P ϭ 0.013) ( Table 8) . Using this equation, the model predicted 62.6% of the injuries correctly. Hip external rotation accounted for the majority of the variability in the model and represented the only true significant risk factor (OR ϭ 0.86, 95% CI ϭ 0.77, 0.097). Indeed, backward stepwise logistic regression of the independent vari- ables established that hip external rotation was the only useful predictor of the likelihood of sustaining an injury over the course of a season (coefficient ϭ Ϫ0.154, t-statistic ϭ Ϫ3.15, P ϭ 0.002). However, the relatively low coefficient of determination suggests that other factors not included in this study significantly contribute to injury status over the course of an athletic season.
DISCUSSION
The purpose of this study was to prospectively examine differences in core stability measures between males and females as well as between those athletes who became injured and those who did not. We also hoped to identify one or a combination of strength measures that could be used to identify those individuals at risk for lower extremity injury.
Females in this study demonstrated significantly reduced side bridge endurance and hip abduction and external rotation isometric strength. Whereas weakness in females has been previously documented in these muscles groups (5, 8, 30) , the consequence of this weakness is not well understood. We suggest that hip and trunk weakness reduces the ability to of females stabilize the hip and trunk. Therefore, females may be more vulnerable to the large external forces experienced by these segments during athletics, especially those forces in the transverse and frontal planes. As a result, females may be predisposed to excessive motion in the hip or trunk versus males, potentially permitting their entire lower extremity to move into positions frequently associated with noncontact injuries such as femoral adduction and internal rotation. Indeed, recent literature verifies that females tend to display greater hip internal rotation and adduction during athletic tasks (12, 22, 25) .
Athletes who sustained an injury in this study displayed significantly less hip abduction and external rotation strength than uninjured athletes. To our knowledge, this is the first prospective study to demonstrate a relationship between these variables. However, several retrospective and cross-sectional studies have been performed that previously indicated that such a relationship may exist for a variety of injuries (1, 13, 20, 21) . For example, Ireland et al. (20) identified significant weakness among young female athletes with patellofemoral pain in hip abduction and external rotation strength versus a healthy, age-matched control group. These authors further explained that the mechanism for this pain may be excessive femoral adduction and internal rotation during weight bearing activities. Citing cadaveric studies, they reported that this alignment promotes lateral patellar tracking and increases lateral retropatellar contact pressure (20) .
This study finds that hip external rotation strength weakness most closely predicts injury status over the course of one athletic season. However, hip external rotation strength is only one element of core stability, and other elements of core stability not included in this study may add to the predictive value of the regression equation. Core stability is the product of motor control and muscular capacity of the lumbo-pelvic-hip complex. Hewett et al. (16) has previously demonstrated the value of motor control on knee injury prevention. Females who participated in a general strength, flexibility, and neuromuscular training program experienced a 62% decrease in serious knee ligament injuries. Although the strengthening component of his intervention program included abdominal curls and back hyperextension exercises, our results suggest that these muscle groups may not have significantly contributed to his positive results. Rather, the benefit of his program may be a reduction in knee adduction and abduction moments due to advanced postural adaptations of the hip abductors and external rotators before landing from a jump.
The other component of core stability, muscle capacity, is represented by the athlete's ability to generate force or maintain force (endurance) in the lumbo-pelvic-hip complex. McGill et al. (29) suggest that the value of trunk muscle endurance is greater than the ability of these muscles to generate force in the prevention of low back pain. Indeed, the endurance of the trunk extensors has been found to predict the occurrence of low back pain among 30-to 60-yr-old adults (3). However, in a more athletic population, this study suggests that isometric hip strength measures, particularly in external rotation, are more accurate predictors of back and lower extremity injury than trunk endurance measures.
These results may reflect the significance of strength versus endurance for individuals who participate in high speed events. Cholewicki et al. (9) suggest that the kinematic response of the trunk during sudden events depends on both the mechanical stability level of the spine before loading, as well as the reflex response of the trunk muscles immediately after loading. Considering that the endurance times between the injured and uninjured athletes were very similar, it appears that all athletes possessed the capacity for mechanical stability of the lumbar spine. However, as Cholewicki et al. (9) suggest, the injured athletes may lack the ability to generate sufficient force or resist external forces during high-speed events. Perhaps future study will find that isometric strength testing of the abdominals, back extensors, and quadratus lumborum is more closely associated with the ability of individuals to sufficiently recruit the muscles of the trunk during high speed events, stabilize the lumbar spine, and prevent lower extremity injuries. The athletes in this study experienced an injury incidence of 0.35 (48 injuries/139 athletes). This incidence is very similar to the results of Messina et al. (32) , who analyzed injuries sustained by male and female Texas high school basketball players. After adjustment to include only back and lower extremity injuries, the injury incidence for their study becomes 0.37 injuries/athlete. Meeuwisse et al. (31) reported that the incidence of back and lower extremity injuries was 0.50 injuries/athlete for their male intercollegiate basketball players. Although the males in our study experienced a much lower injury incidence of 0.23 injuries/ athlete, we only included injuries that resulted in at least one full day of missed participation. Meeuwisse et al. also included injuries that resulted in days of partially missed participation.
The injury patterns in this investigation mirror those found in other, large-scale epidemiological studies. For example, a greater proportion of female athletes experienced an injury versus males (36, 37, 42) . Additionally, the ankle was the most commonly injured structure of the lower extremity (31, 32, 42) . Finally, a greater total number of injuries occurred during practice than during games (31, 34, 36) . These results suggest that our sample of injuries represent a similar distribution of injuries for this population of athletes.
A potential limitation of this study is that hip strength measurements were made in units of force instead of torque. Therefore, if injured athletes were systematically taller than the uninjured athletes, the difference in hip torque measurements may have been less significant than the force measurements found in this study. However, considering that females tend to be shorter than males and a greater proportion of females reported injuries, we believe we would have found even greater differences between groups with respect to gender and injury status if torque were used.
A second potential limitation of this study is that the two examiners were not tested for intratester reliability before data collection. However, as noted above, each test was based on those previously described to be reliable in a similar group of subjects. Further, the use of straps for stabilization during isometric testing eliminated the variability of tester strength in these measures. Finally, the testers were aware of the potential influence of verbal feedback on the motivation of the subjects and used consistent verbal cues for all endurance tests. Intertester reliability was not a concern because each tester performed the same tests throughout data collection.
The results of this investigation generate numerous questions for further studies. For example, future studies may test the athlete's ability to demonstrate core stability in more physiologic positions. The tests positions used in this study are those most commonly used for manual muscle testing and are conducive to methods for preparticipation screening. Although these tests gauge the capacity of each athlete to generate force or maintain force in core muscle groups, they do not necessarily reflect how these muscles function during closed chain activities. Further, these tests may not reflect the degree to which the muscles are recruited by the athletes during athletic participation. Considering these facts, future studies should consider the addition of a dynamic test of lower extremity alignment during a closed kinetic chain activity such as the single leg step down test (41) . Future studies should also seek to understand the relationship between these core strength measures and the result of this dynamic test.
Future studies on the potential of core stability programs to prevent serious knee ligament injuries also seem justified. The addition of an external valgus moment to a flexed knee has been documented to increase the force on the ACL (27) . By increasing the strength of muscles that resist this moment, athletes may decrease the incidence of injury to this important ligament. Further, improving the strength of the hip external rotators and abductors may diminish the tendency for femoral internal rotation and adduction frequently observed in athletes with patellofemoral pain. Future studies in this area should also include exposure time in order to establish the injury rate for each group of athletes and use survival analysis statistics. Finally, the relationship between core strength and lower extremity mechanics needs to be examined.
CONCLUSIONS
Female athletes displayed significantly decreased hip external rotation and side bridge measures versus their male counterparts. Additionally, athletes who experienced an injury over the course of a season displayed significant weakness in hip abduction and external rotation. Backward, logistic regression analysis of the core stability measurements reveals that hip external rotation strength was the sole significant predictor of injury status for the athletes in this study. These results highlight the importance of proximal stabilization for lower extremity injury prevention.
